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Abstract—The degradation behavior of NPN Si/SiGe/Si het- dry etching techniques. Details of these procedures have been
erojunction bipolar transistors, grown by solid-source molecular described by Rielet al. [6].

beam epitaxy (MBE), has been studied by accelerated lifetime The stressing of the devices was carried out on wafer

testing at different ambient temperatures. The degradations of the b Ivi f d ti bi to the devi in th
dc current gain and the microwave performance of the devices are y app ylng_ . orwa_r a(_: s 'a_s 0 _e (_avme in the
explained in terms of recombination enhanced impurity diffusion Common-emitter configuration at different junction tempera-

(REID) of boron atoms from the base region and the subsequent tures. The collector—emitter voltag® {g) was fixed at 3 V.

formation of pa}rasitic energy barriers at the base—emitter and The base currenig), which was supplied by a current source,

base—collector junctions. was feedback-controlled by a computer in order to maintain a
Index Terms—Accelerated lifetime testing, HBT reliability, —constant collector curreni) of 13.5 mA, which corresponds

REID, SiGe HBT. to a very low bias level (the base—emitter voltaggy, was

estimated to be 0.65-0.7 V) with an emitter current density

(Jg) of only 1.35x 10* A/cm? and dissipated dc powel ;)

. o _ of 40.5 mW. It is necessary to maintain a constant collector
HE FAVORABLE high-frequency characteristics exhibgyrent level in order to maintain the device at a fixed stress
ited by Si/SiGe heterojunction bipolar transistors (HBT9ye| throughout the entire duration of each test run. The test at

[1], [2] have made them suitable for microwave applicationgach temperature was performed without any interruption and

One of the concerns regarding the SiGe HBT in microwayge value of the dc current gafhwas automatically recorded by

circuit applications s its long-term reliability. To our knowl-the computer at intervals of 30 minutes. The test was terminated

edge, very limited report on this subject exists in the literatu{gnen the recordeg reached a negligible value. Post-stress

[3]-[5]. The present paper describes, for the first time, the degi@zasurements of the dc and RF characteristics were then made

dation of NPN Si/SiGe/Si HBTs under forward current/thermg.wafer. The junction temperaturék;Y were calculated from

stress. The experimental results are analyzed with low-level ipg temperature of the hot chuck with the procedure described
jection theory taking into account recombination-enhanced irBy Samelis [7]. Identical devices on the same wafer, which
purity diffusion (REID) of boron dopant atoms in the base layefyere only subjected to thermal stress without any electrical
stress during each test run are classified as control devices
[l. EXPERIMENT and post-stress measurements, were also performed on these
devices.

I. INTRODUCTION

The device heterostructure and layout are shown in Fig.
Except for the 1.5:m-thick As-doped sub-collector layer of the
SiGe heterostructure, which is grown by chemical vapor deposi-
tion (CVD) on a (001)-oriented high-resistivity Si substrates, the Fig. 2(a) shows the typica# degradation behavior for the
rest of the heterostructure is grown by solid-source moleculasted HBTs. The test was concluded when the device is char-
beam epitaxy (MBE). The devices have a 30 nm boron-dopagterized by a current gaifi tending to zero (not shown) as
Sio.7Gey.3 base layer with two undoped SiGe spacers of thick result of negligible collector current. For comparisgnyas
ness 5 nm on each side of it. Antimony was used to dope th®asured on the control devices for each test run and negligible
emitter and collector layers. The Ge composition of the spacetsrrent gain degradation was observed. It has been reported that
is the same as that of the base layer. The epitaxial heterostreiectromigration (EM) induced compressive stress on the top of
tures are fabricated into double-mesa type devices with2d  the emitter can degrade the dc current gaifor current den-
pm? emitter size, using standard photolithography and wet asflies of 1x 10° A/lcm? or higher [8]. In our experiment, the

interconnect metal is not encapsulated [Fig. 1(b)], and the cur-

Manuscript received April 9, 2001, revised August 2, 2001. This work wd€nt density is about two orders of magnitude lower than the
supported by NASA-GRC under Grant NAG3-2237. The review of this lettdieported values [8]. In addition, thiedegradation behavior ob-
was arranged by Associated Editor Dr. Arvind Sharma. saﬁrved in this experiment [Fig. 2(a)] is different from that caused
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Fig. 1. (a) Schematic of Si/$SiGe, 5/Si HBT, in which the As-doped Fig. 2. (a) Typical degradation behavior of dc current gainfor a
subcollector layer is grown by CVD and the rest of the heterostructure is gro@HSb.» G& 3/Si HBT. (b) Collector currenic versusVgg of the forward
by MBE. (b) Layout of the tested double-mesa type single-finger Si/SiGe/§ummel plots of a Si/$i;Ge,.s/Si HBT before any stressing and after
HBTSs with emitter area of 5 20 #m? and no encapsulation layer on the topfinishing electrical-thermal stressing.

of interconnection lines.

low to induce thermally activated boron diffusion, the current
therefore, believe that the EM-inducgddegradation mecha- gain degradation was negligible. The RF performance was also
nism is not operative in our devices. Gummel plots of the dereasured before and after the application of electrical stress.
vices were measured at each junction temperature before &vidile all the devices exhibiteflr = 22 GHz andf,,,.. = 25
after a test cycle. Typical collector currdatversusVgg, of the GHz values before the test, the cut-off frequency were reduced
forward Gummel plot fofl'; = 204°C is shown in Fig. 2(b). It to lower than 2 GHz after the tests. No degradation of RF per-
is seen that, after the test, the collector current profile is shifttatrmance was observed for the control devices.
to higherVpg values AVgg = 50 mV). A similar behavior It is well known that thermal outdiffusion of boron dopant
is exhibited by the emitter current in the reverse Gummel platoms from SiGe layers can only occur at very high tempera-
This shift of collector (and emitter) current profile is also obtures (over 550°C). The highest ambient temperature in this
served for other testing temperatures: & 189 °C, 224°C, study was only 275C. However, with biasing, a phenomenon,
254 °C, and 289°C. However, the Gummel plots measuredalled recombination-enhanced impurity diffusion (REID)
with the control devices show no observable shift of collect¢t1], [12] occurs. For boron-doped NPN SisiGe) s/Si
(and emitter) current profiles at all temperatures. We belie#BTs under forward active bias, electrons are injected from the
that the shift in the Gummel plots is an indication of increasamitter into the base. A fraction of the injected electrons will be
of the base—emitter (base—collector) junction turn-on voltageaptured by traps and recombination centers in this layer. The
possibly caused by boron outdiffusion from the base region intscess energy of the electrons is released nonradiatively and
the emitter and collector regions. Since Si has a wider bandgegnsferred to boron atoms, thereby enhancing their diffusivity.
and lower intrinsic carrier concentration than 86e, 3, para- Because of the high efficiency of the nonradiative energy
sitic energy barriers will be formed [9], [10] at the base—emittéransfer, the enhancement of boron diffusivity should be more
and base—collector junctions, which can account for an increasgnificant than thermally activated diffusion, and , as a result,
in the turn-on voltages of the diodes [11]. Boron outdiffusioREID can be operative at very low ambient temperatures. It
from the base region also results in an increase of base widtiould be pointed out that, although the electron injection for
and a decrease of emitter length, and all these effects reducegh®& PN Si/SiGe/Si HBT is from the emitter side under forward
emitter injection efficiency and the current gain. On the othactive bias, the recombination process can occur anywhere in
hand, since the control devices were not subjected to any eldw thin neutral base region. As a result, the diffusion process of
trical stress and the testing temperatures (up to°Z8%re too the boron atoms in the base region is expected to be isotropic.
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Fig. 3. Measured (solid lines) and calculated (dashed lines) normalized
current gain of SiGe/Si HBTs as a function of stress time for differentjunctidﬁn

temperatures.

sion constant) andis the stress time. The calculated variations

of current gain with stress time are shown in Fig. 3 alongside
measured data for several junction temperatures. The agreement
between calculated and measured data is fairly good, indicating
that the device degradation behavior at each testing temperature
is largely due to recombination-enhanced boron outdiffusion.

IV. CONCLUSION

In conclusion, we have characterized the degradation
behavior of NPN Si/Si-Ge&) 3/Si HBTs under forward cur-
rent/thermal stresses at different ambient temperatures. The
experimental results indicate that recombination-enhanced
purity diffusion (REID) of boron dopant atoms in the base
is probably responsible for the observed degradation. Analysis

of the results with a REID model based on low-level injection

This can explain the observed increase of turn-on voItagfé?
at both base—emitter and base collector junctions. The REID
process has been widely observed in Be-doped GaAs base
regions of GaAs/AlGaAs HBTs [11], [12]. Si-based materials [1]
are believed to have lower trap densities than IlI-V materials.
However, a 40 nm metastable,%iGe, 3 base layer grown 2]
by solid-source MBE at 550C in the devices investigated
is expected to have a higher defect density than conventional
Si and these defects can serve as traps and recombinati
centers when the device is biased in forward active mode.
Traps in SiGe have been reported by various groups [13],14]
[14]. Although the experimental results in this study were
obtained from SiGe/Si HBTs with high Ge content, they can
be generalized to most boron-doped SiGe/Si HBTs. Higher
boron doping concentration in the base region and higher Gé‘E’]
content incorporated at lower growth temperatures are expected
to result in higher susceptibility of REID-related reliability
concern for SiGe-based HBTSs. [6]
In order to verify that the REID process is responsible for
the observed degradation, we have analyzed our results with a
model based on low-level injection theory. In this model, we 17l
assume that the dopant atoms in the base region are fully ionized
and both the boron dopant profile and Ge profile are box-like. [8]
The normalized current gain degradation can then be expressed

as
B _ AWECAEZ’/kT_’_ AWc GAE; /KT - 1) (9]
/30 WB WF)'
10
where 1ol
_ qD,ni(SiGe)
Po= WpJpoNa @ uy

and Wg is the neutral base widtlA\Wg and AW are outd-
iffused region widths into emitter (subscrift) and collector 4,
(subscriptC), respectivelyN 4 is the base dopind),(x) is the
minority carrier diffusion coefficientJy, is the reverse satura- [13]
tion current density of the base—emitter diode ag) is the
intrinsic carrier concentration of SiGe baget; andAE}, are

the parasitic energy barriers. It is also assumed Afaty =  [14]
AWo = AL = /Dst, whereDy is the effective boron diffu-

sion (REID) constant (5—6 orders higher than the thermal diffu-

ory leads to a similar conclusion.
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